Backscattering measurements of l]\'[e V 4He+ ions on SiO were performed and compared to similar measurements on a diamond-type lattice (Si). The planar channels of SiO measured at angles 0 to 2 n and 7°off the c-axis display the same dip pattern as in Si, whereas the axial channels along the (1l0) planes in Si show distinct differences to those in the equivalent (2110) planes in SiO. This behaviour is explained with the model of hexagonal polytype 6H. A case of SiO with a mixed diamond-hexagonal-type backscattering pattern is also presented. Comparison to X-ray data of the same crystals is given. This study establishes the usefulness of backscattering in structure identification such as polytypism in SiO. 
Introduction
The investigation of single crystals with backscattering [1] of He? ions in the MeV range provides valuable additional data about the crystal structure with a depth resolution down to about 100 A, at depths up to a few microns below the surface. X-ray analyses usually give integral information about the crystal. As an example, the 8 ke V K", line of Cu used for X-ray analysis has a mean range of 70 um in SiC [2] , while the mean range of 1 MeV He" ions in the same material is 3.8 [Lm [3] . The energy analysis of backscattered ions furthermore allows one to identify the mass of the target atom, which is important in ion implantation studies [4] , and to select a certain depth in the crystal for analysis simply by evaluating corresponding portions ofthe energy spectrum. In this way it is possible to obtain information about the structure down to thicknesses of a few unit cells [5] (see also Appendix A).
Besides delivering additional crystallographic data [6] 3), backscattering may become an interesting tool in the study of SiC as a material for high-temperature electronic devices [7] .
Axial and Planar Channeling
Lindhard's theory as given in reference [8] is used througbout this paper. The fraction of backscattered particles in the minimum of a dip, X, depends on the surface density of target atoms, which in turn is given by the average spacing da of atoms along rows in axial channeJing, or by the average spacing d p of the planes in planar channeling. The critical angles 'ljJ depend further on the charge density in the strings or planes, respectively.
For axial channeling, we use the estimates [8] : For planar channels, we use [8] : 2a
_ (Zl Z2 q2 N dp a )1 / 2 'ljJ1/1p -E ' (4) neo Studies [8] have since shown that equations (2) and (4) are correct within 25%, and equations (I) and (3) within a factor of about 2. The extension to nonequal spacing 01 planes or atoms in astring is straighttorward and has been confirmed.
Thus, the parameters da and d p determine the depths of the dips in channeling measurements. This fact has been used to identify the channels in addition to their positdon. More details are given in Appendix B.
Sic Polytype 6H
The polytypes of SiC are classified according to their lattice structures in cubic (C), hexagonal (H), and rhombohedral (R) modifications [5] . Of those, 6H is the most frequent polytype. It is thus discussed in some detail in this paper. Fig. 1 is a sideview of the model of SiC 6H. The c-axis of its hexagonal unit cell spans six layers of elose-packed planes of SiC with a stacking sequence ... ABCACB .... In Fig. I , the terminations of the model on the left and right are chosen to emphasize this fact. The unit cell can thus be subdivided into two sublayers in the c-direction, where each sublayer is close-packed and of the zineblende structure. The cubic cell of the lower sublayer is partly shown in Fig. 1 . Referred to the lower sublayer, the upper sublayer has a twist The length of the c-axis is twice the body diagonal of the cubic cell. In the following, planes and directions have been expressed both in the cubic cell and the hexagonal unit cell as reference systems. Table 1 gives indices of some directions and planes in both coordinate systems. Their relative position is chosen such that the x-axis of the cubie system, projected onto the (a b) plane of the hexagonal system, lies between a and b.
Channeling and Backscattering in SiC 6H -Theoretical Considerations
This structure differs from the diamond structure in two interesting ways. First, it has a sixfold symmetry in the c-axis, while that of the diamond lattice in the <l11)e directions is threefold. Second, the diamond lattice exhibits large voids when viewed in a <110)e direction, while these channels are interrupted in SiC 6H by every other sublayer because of their different relative orientation. This is shown in Fig. 2 , where the model of Fig. 1 is shown in an oblique view, looking down a <llO)e channel oftheupper sublayer. As the picture shows, the lower introduces 2 Si and 2 C into the channel, along one line. The exact positions of these atoms relative to the <llO)e channel are indicated in Fig. 3 . There is one atom on each inner position for every four atoms in the rows defining the 4) In the following, directions and planes in the cubio eell are given an index "c", e.g.
[Il1]e' while notations in the hexagonal unit eell are given the index "h", e.g. [OOl] h. channel. However, polytypism never introduces obstacles into those (110)0 channels whose directions are perpendicular to the c-axis. Fig. 1 shows this clearly. [lll] e in Si and [OOl] h in Sie 1 MeV He" ions are used throughout. To improve the counting statistics, a relatively large electronic window is applied on the backscattering spectrum, with discrimination levels at 515 and 389 keV. This corresponds to backscatter- 9/72 ------------- Beam currents up to 25 nA were used, and no special efforts were undertaken to obtain the true widths and depths of the channels. Corrections for slight misalignments between the cp-axis of the goniometer and the [UI]e or the [OOI]h axis have been applied (see Appendix Cl. The experiment on Si was performed for comparison with Sie, and to test the reliability of our set-up. Although [Ll l ], is onlya threefold axis in Si, the backscattering yield itself has a sixfold symmetry (see Fig. 4 ). This is because the particular choice of (X = 7°as a "random" angle does not uncover nonsymmetries in a given plane on both sides of [111]e' The deep dips are due to the {1l0} c planes, while the shallower dips are caused by the less densely packed {1l2}e planes. The error in cp is at most 1°. According to equation (3), the min- 
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Planar ctannels araund [ Rotation angle ifJ--- The result of a similar experiment performed on a Sie crystalis given in Fig. 7 . The data differ radically from those of Fig. 6 . First, the pattern is now symmetrical with respect to [OOl] 
Note that the "random" level in Fig. 6 and 7 actually corresponds to the minimum of a planar {UO}c or {2110h channel.
6. Dlseusslon We did not measure the axial channels in the two remaining {2110h planes, but Fig. 5 and 7 together leave no alternative but that of sixfold symmetry. In Si, the [110]c channel is most pronounced (Fig. 6 ) while in Sie, [Oül] , dominates. This can be explained by the fact that the diamond lattice exhibits large voids in the <llO)c directions (corresponding to a small value of da)' while in Sie the voids in the <241)h directions are rather more intricate (see Fig. 2 and 3 ). To our knowledge, no model has yet been developed for channeling and backscattering .through channels of this structural complexity. The simple Lindhard model [8] of' axial ohanneling along astring of atoms is one-dimensional and does not 'include the case of channels formed by differently populated strings. <241)h channels of Sie 6H represent such a case, but with two additional complications: (i) Each row composing the contour of the ehannel is interrupted in every other sublayer, thus forming clusters offour atoms, each followed by a void of equal length along the r01V. (ii) In those interrupted segments, four atoms are located within the channel area. There appear two ways of calculating the effects on channeling of such atoms "within a channel": (i) These atoms form additional rows to be treated as tbe others according to Lindhard. (ii) They constitute obstacles within the ehannel and thus weaken the channeling process. The former treatment gives a ratio of the minimum yields of the <001)h' <241 )h' and <121)h dips of 1:(3j2)V/3j2:3jl2"' 1:1.8:4.2, while the experiments give 1: 1.7 :2.8.
Evidently, the gross features of Fig. 7 are explainable from the properties of polytype 6H. The full interpretation demands more detailed experimentation as weIl as a better theory for such complex channels.
7. An Sie Crystal with Intermediate Properries 
Comparison with X-Ray Studies
L80ue transmission patterns were obtained from the two SiC crystals No. V112A and No. 6 studied. The reeults, together with other data, are given in Table 2 . They show that the crystal No. V112A 80S a whole consists of poly" types 6H and 21R. On the other hand, the crystal No. 6 is composed of several polytypes. It should be noted, however, that the mean range of the Cu X-mys used in the transmission is about 70 [Lm, whereas the backscattering information stems from the depth of 0.1 to 0.28 [Lm below the surface. Detailed comparison 15R, 6H, and some 4H possibly some 15R in screwed position of baekseattering patterns after repeated etehing of surfaee layers ean thus produce speeifie information about the struetural eomposition of such erystals, and the integral composition can then be eompared to the X-my patterns.
The two teehniques of baekseattering and X-my studies eomplement rather than replaee each other, For instance, X-my and backseattering data together strongly suggest that our SiC speeimens are layered eombinations of polytypes. The crystals are small platelets whose surfaee is perpendieular to the c-axis. Their surfaee area mueh exeeeds the eross-seetion ofthe X-my or the He" beam. Yet, both the Laue and the backscattering patterns hardly change throughout the area of the samples, A differenee in the result between the two must then mean that the erystals are layered. To test the quality of our SiC erystals we measured t.he [OOI]h ehannel of sample No. V1l2B, whieh was grown in the same bateh as No. V1l2A and is of similar appearance. In this experiment some efforts were undertaken to keep the beam divergenee small, and to avoid surfaee contamination and radiation darnage of the crystal.7) A beam eurrent of 3 to 5 nA was used. Fig. 9 shows that the ehannel is well shaped with a cribical angle 7f1/1 == 1.5°. Equation (2) gives 'ljJl/l a = 1. No eorreetions for surface transmission, depth dependenee, and thermal vibrations are applied. The above result agrees reasonably well with a previously measured value [7] of 'ljJl/l = 2.25°at a He" energy of 0.5
MeV.8) Tue miniraum yield X is measured as 0.08. Equation (1) gives X = 0.04 with a = 0.19 A (mean Thomas-Fermi radius of C and Si), N = 9.7 X 10 22 atoms/om", da = (1/4) X X 15.1 A. Here, we assumed that 3111 7) After about 40 fLAs of integrated beam current we observed a significant increase of the minimum yield due to surface contamination, so the spot of impact was changed in shorter intervals, In addition, we observed a darkening of the crystal, which did not disappear when a surface layer was removed by oxidation at 1200°0 and etching in HF, and is thus attributed to radiation damage inside the crystal. 8) Thediscrepancy with the calculatedvalue of 'lfJl/l in reference [7] is due to the erroneous assumption of 6 Si and 6 0 atoms in the unit cell along the c-axis (private communication with the authors), .
atomic rows contribute equally to the minimum yield. We feel that the measured valueof 0.08 constitutes but an upper limit because no corrections are applied, so that no discrepancy with the calculated value can be claimed.
Conclusion
Backscattering offers a new possibility to study polytypism in the first few microns of a crystal, and with differential depth resolution. The present results demoristrate the feasibility of this method. But this study also leaves many and new questions unanswered. For instance, one should expect that in directions perpendicular to the c-axis, channeling and backscattering are not affected by polytypism. We attempted but failed to show this conclusively because our specimens were not thick enough. More generally: To what extent can backscattering differentiate polytypes~Can simple models be developed to describe channeling and backscattering in diatornie structures of the complexity exhibited in the polytypes of SiC~For applications it is most important to be able to identify accurately the polytype of single crystals in its outer layers. Devices depend usually critically on the physical properties at interfaces, and it is known that the energy gap of SiC inoreases from 2.2 eY to well above 3 eY as the polytype changes [5] .
At the time of this writing an article by Barrett [6] [ust appeared in which yet unpublished work on SiC is discussed. The author reports on polytype identification from photographs of blocking patterns and from the relative intensities of the recorded lines. A comparison with computed tables of line intensities then reveals the polytype in the surface layer of the crystal. This technique is closely similar to that of backscattering, and appears to be successful with less experimental effort if structure identification is the sole aim. Backscattering, on the other hand, possesses differential depth resolution and is applicable also to the detection of lattice impurities [4] and their crystallographic position, properties which simple photographic records all lack.
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Depth resolution for backsattering in SiO
The energy loss per unit cell along the c-direction forth and back is 70 eVjA X X 15.1 Ajunit cell = 1.1 keVjunit cell. If the energy analysis is done by Sicharged particle detectors, Siffert and Coche ( [3] , p. 286) give a limit of energy resolution of 5 keV for iX-partic1es of I MeV due to nuclear collisions. If this resolution is achieved, a depth resolution of (5 keVj1.1 keV) unit cell-= 4.5 unit cells follows. In the present experiments, the energy resolution lies between 10 and 15 keV.
Appendix B
Axial channels in the (110)c plane of the diamorui lattice
The angles between the axial channels and the [ Aecording to equation (1), the minima of the dips are proportional to da' We thus define the rank of the dips according to the magnitude of I/da' In 'I'able 3, the 15 most prominent dips in the (110) In commercial Si wafers, which are cut perpendicular to the [Ll I], axis, as well 80S in the SiO samples we used, the misalignment never exceeded a few degrees. The required corrections are therefore of minor nature, when the crystal axis rather than the qJ-axis is used as reference axis for directional indications.
If the crystal axis is lined up with the He" beam at a tilt angle (Xl and an azimuthal angle Tl' and a given other direction Po at angles (xo and To, then the angles of Po with respect .to the crystal axis, (X and T, are calculated through the laws of spherical trigonometry as The raw data were corrected in this mariner to obtain Fig. 6, 7 , and 8. Fig. 4 and 5 require 80 slightly different kind of adjustment, Since the position of the crystal axis was not measured, the 12 dips were plotted on 80 stereogram [1, 4] , and eorresponding dips (at about 180°) connected by straight Iines.") A eircle was then drawn around the common intersection, and the angles c were then measured on that eircle.
